The rate of search for food (i.e. maximum clearance rate), F, of a plankter is essential to the prediction of encounter rates, and is dependent on movement. Classic encounter rate models assume diffusive or ballistic movements, which represent opposing extremes of directional persistence. From the perspective of the predator, the directional persistence of prey is determined by the ratio of the persistence length (i.e. "run length" of a random walker), λ, and the radius of prey detection, r. We developed an individual-based model to (i) describe variation in F due to λ/r and time, and (ii) evaluate the utility of published corrections (that take into account the effect of λ/r on F ) to the classic models. Our results illustrate that classic models overestimate F when their assumptions of movement are invalid, and indicate that the effect of time variation in F on food consumption is most substantial near the middle of the diffusive to ballistic transition (i.e. λ/r ≈ 1). At λ/r ≪ 1, predators may exploit high clearance rates by "jumping", provided that the far-field concentration of prey is sufficiently high. We recommend a published Michaelis-Menten type correction to the classic models, and discuss the assumptions and applications of our model system.
I N T R O D U C T I O N
Encounters are the initial step in ecological processes that affect growth, mortality and reproduction of planktonic organisms. These processes include nutrient absorption (Pasciak and Gavis, 1974) , feeding (Kiørboe et al., 1985) , mating (Kiørboe and Bagøien, 2005) and fertilization of propagules released by broadcast spawners (Pennington, 1985) . Encounter rate models are therefore important tools for the development of mechanistic models that predict plankton dynamics (Gerritsen and Strickler, 1977; Kiørboe, 2011; Litchman, et al., 2013) .
The encounter rate, E, among individuals from two populations is modelled as the rate of a chemical reaction. That is, the product of the concentration of reactants, A and B, and a rate constant, F (i.e. E = F[A] [B] ; Gardiner, 1969) . In plankton feeding ecology, the "reactants" are the predator and prey, and the "rate constant" is the maximum clearance rate (dimensions of volume time
), defined as the rate in which the predator searches for prey assuming all encountered prey are ingested (Kiørboe, 1997) . In Holling's (1959) famous disk equation for the Type II functional response, the maximum clearance rate is referred to as the "rate of discovery" (also known as the "attack rate"). The maximum clearance rate is dependent on the distance from the predator in which prey can be detected and the movement of both the predator and the prey. Movement affects the maximum clearance rate because backtracking decreases the rate in which previously unexplored water is searched (Levandowsky et al., 1988) .
Classic analytical models for prediction of the maximum clearance rate were originally derived to predict the rate of collisions among spherical particles moving in random directions (Maxwell, 1860; Smoluchouski, 1916) . These models have been adopted or re-discovered in plankton ecology to predict encounter rates caused by movement of the predator and prey that is diffusive (i.e. due to diffusion; Pasciak and Gavis, 1974; Fenchel, 1984; ) or ballistic (i.e. linear; Gerritsen and Strickler, 1977; Hutchinson and Waser, 2007) . Both models have been strongly influential in the development of mechanistic theory in zooplankton feeding ecology (Kiørboe, 2011) .
Diffusive and ballistic movement are extremes on a continuum of directional persistence, defined as the tendency of an individual to maintain its direction of travel over time (Codling et al., 2008) . In a movement model known as correlated random walk (CRW), directional persistence is parameterized as "persistence time", defined as the time before reorientation in a random direction in discrete (i.e. "run and tumble") movement (Visser and Thygesen, 2003) . The corresponding "persistence length" is the product of the persistence time and particle speed (Fuchs, 1964) . Diffusive or ballistic movement apply when directional persistence is perceived as negligible or substantial, respectively, from a particular time or length scale. From the perspective of a predator with a spherical perceptive field, the directional persistence of prey is dependent on the ratio of the persistence length of prey to the radius of prey detection of the predator (Visser and Kiørboe, 2006) . For example, when the persistence length is much smaller or larger than the radius of prey detection, movement is perceived as diffusive or ballistic, respectively.
Classic models can give erroneous predictions of the maximum clearance rate of a planktonic predator if the assumptions of diffusive or ballistic movement are not valid (Visser and Kiørboe, 2006) . The limitations of the assumptions of either diffusive or ballistic movement on prediction of the maximum clearance rate have been acknowledged in the physical sciences for decades. However, derivation of an analytical model for the maximum clearance rate over the transition from diffusive to ballistic movement is difficult, and has therefore been limited to approximations that are "rough estimates" (Fuchs, 1964) or only applicable to part of the diffusive to ballistic transition (Harris, 1982) . Correlated random walk bridges the gap between diffusive and ballistic movement; however, linking directional persistence and particle encounter remains a challenge in the field of encounter theory.
Our study aims to: (i) improve the ability to predict the maximum clearance rate over the diffusive to ballistic transition in movement; and (ii) describe the variability in the maximum clearance rate due to diffusive, ballistic and CRW movement over scales of prey detection and directional persistence relevant to zooplankton feeding. We present an individual-based model (IBM) as a reliable tool for prediction of the maximum clearance rate from CRW movement, and evaluate the utility of previously published analytical models (Fuchs, 1964; Harris, 1982; Visser, 2007) .
M E T H O D
We developed an individual-based model (IBM) to predict maximum clearance rate, F IBM , of a non-moving predator that can detect prey within a spherical field characterized by radius, r (see Table I for nomenclature). Encounters between the predator and prey were facilitated by correlated random walk (CRW) movement of the prey (Taylor, 1922; Dunn, 1983; Codling et al., 2008) . Our model system is therefore directly applicable to ambush feeding predators (e.g. chaetognaths or copepods of the genus Oithona) that do not actively search for prey, but attack prey upon encounter or collect prey that collide with their surface (Kiørboe, 2011) .
We qualitatively compared data that emerged from our IBM to solutions from two classic models that assume movement of prey is always diffusive or always ballistic, which we refer to as the "diffusive model" and "ballistic model", respectively. Following (Smoluchowski, 1916) , the maximum clearance rate predicted from the diffusive model, F Diff , is
where D is the diffusivity of the prey, and t is time. The diffusivity of a correlated random walker in three dimensions is
where s is the swimming speed, and τ is the persistence time (Lovely and Dahlquist, 1975) . It is assumed that all prey are immediately ingested when they are within radial distance r of the predator. Therefore, C prey becomes depleted in a boundary layer surrounding the predator over time. As t increases, F Diff converges on 4πDr when dC prey /dt = 0 (i.e. steady state). For summaries of the theory of diffusive flux into a sphere, see Koch (1971) , Berg (1993) or Karp-Boss et al. (1996) . Following Maxwell (1860) , the maximum clearance rate predicted from the ballistic model, F Ball , is
This model is identical to that derived by Gerritsen and Strickler (1977) when the predator is motionless.
We also compared data from our IBM to three published corrections to the (steady state) diffusive and ballistic models (see Table A1 in Appendix for equations). When multiplied by F Diff or F Ball , the corrections predict values of the realized maximum clearance rate, F, over the diffusive to ballistic transition. The corrections are expressed as
, are bound by 0 and 1, and are dependent on the persistence length of prey movement, λ, and r (Fuchs, 1964; Harris, 1982; Visser, 2007) .
Individual-based model
We positioned a motionless predator with a perceptive radius, r, at the origin of a spherical domain with radius, R. We selected the initial positions of prey randomly from a uniform distribution excluding positions within distance r of the origin. We developed a 3D version of Taylor's (1922) 1D CRW to simulate prey movement (Fig. 1) . Prey travelled at a constant speed, s = 1 mm s −1 , along linear path segments of equal length over each time step, Δt. At each Δt, individual prey maintained their direction of travel based on a constant probability. Therefore, the probability of maintaining direction, P, decreased exponentially over time, t, at a constant rate, 1/τ, where τ is the persistence time of prey movement (i.e. P = e −t/τ ), and the corresponding persistence length is λ = sτ. We changed the direction of travel of the prey by randomly selecting a displacement in each dimension (x, y, z) from a uniform distribution under the condition that ∆ = ∆ + ∆ + ∆ s t x y z 2 2 2 . Fig. 1. Correlated random walks of two particles travelling at the same speed over the same time period. The persistence time, τ, of the particle represented by the blue path was 20 times greater than that of the particle represented by the red path.
At each Δt, we defined an encounter as an event in which the distance between the location of an individual prey item and the predator's centre (i.e. the origin) was ≤r (see Supplementary Fig. S1 ). We enumerated the encounters and derived a maximum clearance rate, F IBM , from:
IBM prey where e is the "per capita" encounter rate (encounters per Δt) and C prey is the initial concentration of prey. We removed prey that were encountered by the predator without replacement; therefore, all encountered prey were "ingested". We selected an appropriate duration of the simulation and value of R such that C prey near the outer boundary did not become depleted. This was confirmed by plotting the relationship between the concentration of prey and the radial distance from r ( Fig. 2) . We re-positioned prey that exited the outer boundary of the domain such that their displacement continued through the opposite side, thereby maintaining a no-netflux boundary condition.
Simulations
We carried out two different sets of simulations using our IBM. In both simulations, we derived F IBM over a range of values of λ and r that were consistent with zooplankton feeding on different prey types (Table II) . We varied r and R together to maintain a constant ratio of predator to domain volume (Table III) .
In the first set of simulations, we ran the IBM for 3 s at a high prey concentration (2.5 × 10 3 prey mm −3 ) to describe the effect of λ/r on the time variation of F IBM , which is particularly strong when λ ≪ r. We calculated mean F IBM at each Δt from n = 6 replicate time series of F IBM for each combination of λ and r (Table III) . We illustrated the variation in F IBM (λ, r) by creating a 2D surface from a bivariate interpolation. Separate surfaces were created for each t.
In the second set of simulations, we ran the IBM for 3600 s at a lower prey concentration (0.1 prey mm
) to describe time-averaged values of F IBM . We calculated the mean F IBM across the entire time series and then calculated an overall mean across all replicates (n = 5) for each combination of λ and r. We qualitatively compared these results to steady-state predictions from formulae (Table A1 in Appendix) proposed by Fuchs (1964) , Harris (1982) and Visser (2007) . All simulations were run using MATLAB v 2016b; the code for simulations is available upon request to the corresponding author. Data analysis was done with R v 3.2.2.
R E S U L T S Time varying clearance rate
Our simulations of the time varying clearance rate show that both the diffusive and ballistic models can overestimate the realized maximum clearance rate if used incorrectly, and that the upper limit of the realized maximum clearance rate is F Ball . Even when movement is diffusive, the diffusive model overestimated F IBM at short time scales because F Diff is proportional to t −0.5 (Table A1) , resulting in F Diff approaching infinity as t approaches zero (Fig. 3) .
For a given r, the effect of time on F IBM increased non-linearly as λ decreased. For example, after 3 s, the difference in
between λ/r = 0.05 and λ/r = 0.5 was larger than between λ/r = 0.5 and λ/r = 1 by a factor of~4 (Fig. 4) . The same effect can be visualized in Fig. 5 , wherein the contours of F IBM at 3 s only remain similar to F Ball when λ is large relative to r. In contrast to the simulations run at high prey concentration (i.e. 2.5 × 10 3 individuals mm −3 ; Fig. 3A and B) , the time series of F IBM at low prey concentration (i.e. 0.1 individuals mm −3 ) were characterized by episodic spikes that often corresponded to single encounter events (Fig. S2 ).
Corrections to maximum clearance rate at steady state
Corrections to the diffusive model by Fuchs (1964) , Harris (1982) and Visser (2007) generally exhibited similarly shaped relationships with λ/r (Fig. 6A) . Conversion from diffusive to ballistic correction using the conversion factor, = (2007) model were highest at λ/r ≈ 1. We expected that predictions from our IBM would overestimate the maximum clearance rate at steady state because F IBM was time-averaged, and steady state is probably not reached within 3600 s for many values of λ/r. The Visser (2007) correction, which is a Michaelis-Menten model (Table A1) , can be easily varied to approximate the time-averaged data from our IBM by decreasing the half saturation constant. For example, decreasing the half saturation constant from 0.75 to 0.5 appeared to improve the fit of the Visser (2007) correction to F IBM /F Ball (Fig. 7) . Fig. 3 . Time series of the realized maximum clearance rate from our IBM at high prey concentration (2.5 × 10 3 prey mm −3 ) and solutions to the diffusive and ballistic models near the (A) "diffusive side" (λ/r = 0.05) and (B) "ballistic side" (λ/r = 4) of the diffusive to ballistic transition. 
D I S C U S S I O N Corrections to ballistic and diffusive models
The ballistic and diffusive models are valuable tools for the mechanistic prediction of encounter rates in the plankton. However, it is likely that many encounters between predator and prey are determined by the maximum clearance rates that occur over the transition from diffusive to ballistic movement (Visser and Kiørboe, 2006) , which, to the best of our knowledge, have not been thoroughly described at scales relevant to zooplankton feeding. Harris (1982) stated that diffusive to ballistic transition occurs over a range of values of directional persistence (as perceived by the predator) on the order of 0.1 < λ/r < 10. Our results are generally consistent with this range. Because of the time variation in the maximum clearance rate, we emphasize that the time spent searching for prey is an important factor when considering use of a "classic" model or its correction. For example, we found that at λ/r = 4, time-averaged F IBM was consistent with F Ball on the scale of seconds, but was slightly lower (~8%) than F Ball after 1 h. Note that even small deviations in the maximum clearance rate can result in large differences in cumulative ingestion of prey if the concentration of prey is sufficiently high and the duration of feeding is sufficiently long. The effect of time on the realized maximum clearance rate is further discussed in the following subsection.
Our comparison of corrections to the diffusive and ballistic models indicated that the Visser (2007) correction is the most useful because it produced predictions that were similar to data that emerged from our IBM, and is the simplest equation to implement in larger models (see Visser, 2007) . Also, because the Visser (2007) correction is a Michaelis-Menten model, its half saturation constant can be easily modified to predict timeaveraged (non-steady state) values that emerge from our IBM. The Fuchs (1964) correction was most similar to that of Visser (2007) . In fact, when λ ≪ r, the Fuchs (1964) correction to the diffusive model also reduces to a Michaelis-Menten form (see Fuchs, 1964 and our Appendix). Both Fuchs (1964) and Harris (1982) acknowledged that their corrections to F Diff are approximations. Our analysis indicates that the Fuchs (1964) and Harris (1982) corrections are most appropriate near the "diffusive side" of the diffusive to ballistic transition (i.e. when λ/r <~0.5).
Time varying and steady-state predictions
We have shown that the decrease in the maximum clearance rate with time is rapid and gradual when λ/r is small and large, respectively. Furthermore, the strength of the time-dependence of the maximum clearance rate decreases non-linearly as λ/r increases. Time variation in the maximum clearance rate may not be ecologically important near opposing ends of the diffusive to ballistic transition because (i) steady state is approached rapidly when directional persistence is negligible (e.g. steady state is reached over~2 min at λ/r = 0.05) and (ii) the correction to F Ball is small when directional persistence is substantial (i.e. at λ/r = 10, the Visser (2007) correction is 0.93). This is consistent with our findings that that deviations from time-averaged maximum clearance rates over 1 h and steady-state predictions from the Visser (2007) It has been suggested that copepods can maintain clearance rates above steady state by jumping to a new location, effectively re-setting depleted prey in their immediate vicinity to the far-field concentration (Titelman and Kiørboe, 2006) . Jump frequencies of copepods measured in the laboratory range from 0.01 s −1 to 3 s −1 (Titelman and Kiørboe, 2006; Hendriksen and Waser, 2007) . The potential effect of jumping can be visualized in Fig. 5 . For example, if a predator with a detection distance of 1.4 mm feeding on prey with a persistence length of 0.1 mm jumps after 3 s, it will "reset" its clearance rate from approximately 2 mm 3 s −1 (Fig. 5B ) to 6 mm 3 s −1 (Fig. 5A ). Prey concentration profiles that occur over the feeding interval between jumps (Fig. 2) could be used to measure the distance that must be travelled in each jump so that the copepod "lands" in a field of prey that has not been partially depleted, assuming no other predator was recently there. The concentration of prey is an important factor to consider when assessing the ability of a feeding behaviour to exploit near-ballistic maximum clearance rates over relatively short time periods. Encounters are likely intermittent and sporadic events at natural prey concentrations. If the prey concentration is sufficiently low that very few or no prey are encountered over a time period (2007) correction to the ballistic model was converted to a correction to the diffusive model by multiplying by the conversion factor, X = F Diff / F Ball . The Fuchs (1964) and Harris (1982) corrections to the diffusive model were converted to corrections to the ballistic model by multiplying by the conversion factor, X = F Ball /F Diff . See Table A1 in Appendix for formulae to all corrections. Fig. 7 . Relationships between λ/r and (1) mean F IBM /F Ball ± 95% CI (n = 5), time-averaged over 3600 s; and (2) the Visser (2007) correction to the ballistic model, calculated with half saturation constants of K = 0.25, 0.50 and 0.75.
 that is much greater than the persistence time or time interval between jumps, time variation in the maximum clearance rate may not be important. For perspective, laboratory estimates of maximum clearance rates of ambush feeding copepods of the genus Acartia (feeding on ciliates) and Oithona (feeding on dinoflagellates) are approximately 8 ml h −1 and 0.4 ml h −1
, respectively (Saiz and Kiørboe, 1995; Svensen and Kiørboe, 2000) . Applying these values to concentrations of microzooplankton (10 cells ml −1
) and nanozooplankton (10 3 cells ml −1 ) that may be expected in the sea (Fenchel, 1988) , gives an encounter rate on the order of 0.01 prey s −1
. We speculate that high prey concentrations are probably required for organisms to take advantage of clearance rates near F Ball that occur on short time scales at the onset of feeding.
Model assumptions and applications
In our model, the predator is stationary and the prey move as correlated random walkers. Because the rate of search is dependent on the relative movement of predator and prey, our model is applicable to the scenario in which a "cruise feeding" predator is feeding on non-moving prey, in addition to the scenario in which an "ambush feeding" predator is feeding on motile prey.
Studies by Svensen and Kiørboe (2000) and Saiz et al. (2003) provide data on observed maximum clearance rates of ambush feeding copepods of the genus Oithona, the volume of water surrounding the antennules in which prey are detected, and the swimming speed of the prey. We used these data to compare observed maximum clearance rates to F Ball (Equation (3)) and the Visser (2007) correction over the range of persistence lengths reported in the literature for dinoflagellates (i.e. 0.1 mm < λ < 1.0 mm; see Table II ). The mean maximum clearance rate ±95% CI reported by Svensen and Kiørboe (2000) and calculated from Table I in Saiz et al. (2003) are 0.42 ± 0.10 ml h −1 and 0.28 ± 0.06 ml h −1 , respectively. Our corresponding estimates of F Ball (0.41 ml h −1 and 0.26 ml h −1 ) agree with these data. When we applied the Visser (2007) correction, predictions of the maximum clearance rates were lower, and ranged from 0.12 ml h −1 to 0.33 ml h , respectively. Assuming that the data on prey detection and swimming speed are accurate, this example suggests that persistence lengths of dinoflagellates can be larger than 1 mm, which is consistent with observations of ballistic movement of dinoflagellates (in the vertical dimension) by Scheuch and Menden-Deuer (2014) . We found that the effect of the sinking speed of Oithona sp. on the maximum clearance rates was negligible because it was approximately 4 times smaller than that of the prey (Gerritsen and Stickler, 1977) . Therefore, in this case, the problem can be reduced to the scenario of the predator being motionless.
There are several different scenarios in which the predator and prey may be moving, and methods for the calculation of the maximum clearance rate for each scenario have been proposed. If movement of both predator and prey is assumed either diffusive or ballistic, the maximum clearance rate can be calculated from the diffusive model (Equation (1)), using a diffusion coefficient of, D = D predator + D prey (Chandrasekhar, 1943) , or the ballistic model (Equation (3)) using a swimming speed of s = (s predator 2 + s prey 2 ) 0.5 (Evans, 1989) . If the movement of the predator is ballistic and the movement of the prey is diffusive, the maximum clearance rate can be calculated from F = F Diff Sh, where Sh is the Sherwood number (Kiørboe, 2008) . The Sherwood number is the ratio of flux of prey into the predator due to advection and diffusion to the flux due only to diffusion (Karp-Boss et al., 1996) . Finally, Fuchs (1964) provides a correction to the diffusive model if the movement of both the predator and prey are characterized by the same persistence length (note that the Fuchs (1964) correction in our Appendix is adapted for movement of the prey only). A numerical modelling approach would be useful to evaluate the scenario in which both prey and predator are moving as correlated random walkers with different persistence lengths.
The incorporation of directional persistence of plankton movement into encounter rate models increases the scope of theory. However, run-and-tumble movement generated by CRW is an oversimplification of the swimming behaviour of many planktonic organisms. While CRW may be an appropriate model for the movement of certain organisms (e.g. Escherichia coli; Berg and Brown, 1972) , this model is not applicable when swimming trajectories are spatially structured (Bianco et al., 2014), or anisotropic (Schuech and Menden-Deuer, 2014) . Persistence lengths can be measured from non-random paths and anisotropic movement, but may lead to inaccurate predictions of the true maximum clearance rate.
Our model is most applicable to situations in which predators are constantly searching for prey in homogenous environments on relatively small scales. Laboratory studies have demonstrated that zooplankton respond to environmental gradients by adjusting their swimming speed and path geometry to remain within favourable conditions, such as a patch of food (Buskey, 1984; Verity, 1991; Woodson et al., 2005; Menden-Deuer and Grünbaum, 2006) . Therefore, maximizing the rate of exploration of new environment (by using ballistic movement) is not necessarily advantageous because it may reduce the ingestion rate by facilitating an early exit from an environment enriched with prey.
The maximum clearance rate can be used to evaluate ingestion rates assuming that the predator is not satiated and that post encounter feeding efficiency is 100%. Prey within the detection distance of the predator may not be encountered if the predator is satiated. Satiation can be accounted for by implementing the maximum clearance rate as the "attack rate" in Holling's (1959) disk equation. Encountered prey may not be ingested because prey may escape. The ballistic model can be easily modified by multiplying F Ball by the probability of ingestion after encounter (Hansson and Kiørboe, 2006) ; however, this method cannot be used to adjust F Diff (Collins and Kimball, 1949) . Fuchs (1964) provides a formula for the inclusion of a feeding efficiency term in the correction to the diffusive model. This problem can be explored using an IBM by assigning prey with a probability to reflect off (or pass through) the predator's encounter sphere, or disappear if the escape response of the prey results in movement far from the immediate vicinity of the predator.
C O N C L U S I O N S
In this study, we present an individual-based model (IBM) for the prediction of the maximum clearance rate of a motionless (i.e. ambush feeding) predator from correlated random walk (CRW) movement of prey. Our model is also directly applicable to a moving (i.e. cruise feeding) predator searching for motionless prey. Our description of the maximum clearance rate over the transition from diffusive to ballistic prey movement illustrates that the diffusive and ballistic models can give overestimates if their assumptions of movement are not valid. We compared three corrections to classic "diffusive" and "ballistic" models, and argue that the correction proposed by Visser (2007) is the most useful because it was consistent with our simulated data and is the simplest correction to implement in larger models. The Visser (2007) correction can also be easily varied to non-steady-state predictions from our IBM by modifying the half saturation constant. The latter is potentially important, given that non-steady-state predictions may be relevant in scenarios in which the time spent searching for prey is shorter than the time to reach steady state. Our work highlights the need for future studies on the potential interactions between the effect of directional persistence and concentration of prey, movement of both predator and prey, and feeding efficiency on rates of search, encounter and ingestion.
S U P P L E M E N T A R Y D A T A
Supplementary data is available at Journal of Plankton Research online. 
A P P E N D I X
Corrections to the diffusive and ballistic models Fuchs (1964) and Harris (1982) derived corrections to the diffusive model by quantifying the steady state diffusive flux into a radial boundary surrounding the encounter sphere. Within this boundary layer, diffusion theory (i.e. Fick's law) is invalid, and the extent of the boundary layer is dependent on both λ and r (Table A1) . Visser (2007) proposed a correction to the ballistic model in the form of a Michaelis-Menten model (Table A1) . When converted to a correction to the diffusive model using the conversion factor = . When λ ≪ r, the Fuchs (1964) correction reduces to essentially the same model, but with a half saturation constant of π/2 rather than 4/3 (Table A1) . Although a derivation of the Visser (2007) correction is not available, it can be derived from = − 1
F F F F
Ball Diff , where F is the realized maximum clearance rate, and F Diff and F Ball are steady state predictions from the diffusive and ballistic models (Equations (1) and (2)), respectively. Therefore, the Visser (2007) correction assumes that F represents a balance between diffusive and ballistic components (i.e. as F becomes less diffusive, it becomes equally more ballistic, and vice versa). The "1-correction" conversion is also inherent to the selfoverlap metric of swimming trajectories developed by Bianco et al. (2014) . Table A1 . The diffusive and ballistic models and their corrections. Note that ζ = λ/r. F Diff refers to the steady-state value, πDr 4 in Equation (1). See Table I Harris (1982; Equation 26 ) The constant C = 1/3, is required to convert the persistence length, λ, to the "boundary layer length" defined by Harris (1982 Visser (2007; Equation 12) 
